Abstract. Three experiments were performed to characterize the physiological responses of an Eastern United States shipper muskmelon (Cucumis melo L. var. reticulatus 'Athena') harvested preripe (¼ slip) and during ripening (half-slip, full-slip) to 1 mLÁL -1
Cantaloupe (Cucumis melo L.) melons of the Reticulatus Group, commonly known as cantaloupes or muskmelons, are climacteric fruits in which ripening is highly coordinated by ethylene and have a relatively short storage life (Seymour and McGlasson, 1993) . Cantaloupe fruits are marketed soon after harvest unless they are at a very early stage (¼ slip) of maturity. This is especially true for the Eastern type muskmelons, grown throughout the Eastern United States and destined for local, fresh-market consumption. Western-type muskmelons, grown primarily in California, Arizona, and Texas, are less perishable than Eastern types and are used for both domestic consumption and export.
Ripening and softening in climacteric fruits are largely ethylene-dependent processes (Lelievre et al., 1997) . Accordingly, many studies have employed inhibitors of ethylene-action to extend the time required for completion of ripening.
Of the ethylene action inhibitors available, 1-methylcyclopropene (1-MCP) (Sisler, 2006) has been widely employed to suppress ripening and other responses to ethylene in a variety of fruits and vegetables (Blankenship and Dole, 2003; Huber, 2007; Watkins, 2006) . Of particular interest to the present study are reports for fruits including apple [Malus sylvestris L. (Mill.)]; Mir et al., 2001) , papaya (Carica papaya L.; Ergun and Huber, 2004) , 'Galia' melon (Cucumis melo var. reticulatus L.; Ergun et al., 2005) , and tomato (Solanum lycopersicum L.; Hoeberichts et al., 2002; Wills and Ku, 2002 ) that 1-MCP was effective at transiently interrupting ripening when applied well after ripening initiation. The rapid response to and capacity to recovery from the effects of 1-MCP applied after ripening initiation provide opportunities to allow fruit to reach more advanced ripening and higher inherent quality before harvest.
The objective of this study was to characterize physiological responses of preripe (¼ slip) and ripening (half-and full-slip) 'Athena' muskmelon melon (an Eastern type) to 1-MCP.
Materials and Methods
Plant material. Cantaloupe (C. melo L. var. reticulatus) fruit ('Athena') were harvested from field-grown plants at the North Florida Research and Education CenterSuwannee Valley, Live Oak, FL. This study included three experiments performed over a two-season period. In the first season, fruit were harvested at a preripe (¼ slip) stage of development (Exp. 1). The subsequent two experiments were performed during the following season using half-slip or full-slip fruit (Exp. 2 and 3). Developmental classification was judged as 1) preripe-maximum ¼ slip; 2) half-slip-stem scar without clean break; and 3) full-slip-clean stem-scar break, full net development.
After transfer to the postharvest research facilities in Gainesville, fruit were selected on the basis of uniformity of size, freedom from defects, and the status of the abscission zone. The fruit were then washed with tap water, dipped in 200 mLÁL -1 free chlorine in tap water (pH 8.0) for 1 min, and air-dried (Expts. 1 and 2). In Expt. 3, fruit were not subjected to surface washing or sanitation procedures. Field packing of muskmelons in Florida is not consistently accompanied by surface washing (Sargent, personal communication).
1-MCP application. Twenty fruit were placed in 174-L containers and exposed to 1-MCP by releasing the gas from a commercial powdered formulation (SmartFresh, Agro-Fresh, Philadelphia, PA). The concentration selected (1.0 mLÁL -1 ) was achieved through addition of 320 mg of powder (0.14% formulation) to 100 mL of tap water following manufacturer's instructions. 1-MCP treatments (Expt. 1 and Expt. 2) were performed for 18 h at 20°C and 85% relative humidity (RH). Immediately following 1-MCP treatment, fruit were removed from the containers and transferred to 15°C facilities for ripening. Control fruit were maintained under identical storage conditions. Experiment 3 was designed to simulate commercial handling protocols and storage conditions. Full-slip fruit were treated with 1-MCP (1.0 mLÁL -1 ) for 24 h at 10°C, stored at 10°C for 5 d, and then transferred to 20°C. Fruit integrity was assessed on the basis of mesocarp firmness during storage at 20°C. Decay incidence and other visible disorders (sunken areas on fruit surface) were also monitored.
Respiration were sealed individually in 3.6-L plastic containers for 1 h at 20°C. For CO 2 determination, 0.5 mL of headspace gas was analyzed on a Gow-Mac gas chromatograph (Series 580, Bridgewater, NJ) equipped with a thermal conductivity detector (TCD). The carrier gas (helium) flow rate was 30 mLÁmin -1 . The oven was set at 40°C and the detector and injector were operated under ambient conditions (23-24°C). For C 2 H 4 , 1 mL of headspace gas was analyzed using a FID gas chromatograph (Hewlett-Packard 5890, Avondale, PA) equipped with an activated alumina SS column (Supelco, Bellefonte, PA). Injector, oven, and detector were operated at 200, 70, and 250°C, respectively. 1-MCP concentrations in the 174-L treatment containers were measured using a FID gas chromatograph (HP 5890) equipped with an 80-100 mesh Chromosorb PAW stainless steel column (Supelco). Injector, oven, and detector were operated at 150, 70, and 200°C, respectively. Isobutylene, which has a FID response similar to that of 1-MCP (Jiang et al., 1999) , was used to quantify the levels of 1-MCP in the treatment chambers.
Firmness. Whole-fruit firmness (measured in N) was determined using an Instron Universal Testing Instrument (Model 4411, Canton, MA) fitted with a 5-cm diameter, flat-plate probe and 50-kg load cell. After establishing zero-force contact between the probe and the equatorial region of the fruit, the probe was driven with a crosshead speed of 10 mmÁmin -1 . The force (N) was recorded at 2.0-mm deformation and was determined at two equidistant points on the equatorial region of each fruit. Mesocarp firmness (Expt. 3) was measured on halved fruit using the Instron Universal Testing Instrument fitted with a 7-mm convex probe and 5-kg load cell. The probe was driven to a depth of 3 mm at a crosshead speed of 30 mmÁmin -1 . Three mesocarp firmness measurements were performed on each fruit half.
Electrolyte leakage. Mesocarp cylinders (5 cylinders per fruit) 8 mm in diameter were removed from the equatorial mesocarp tissue using a cork borer. The cylinders were trimmed to produce disks of 8-mm thickness using the centermost region of each cylinder. Disks (5 per fruit) were rinsed briefly with deionized water and blotted on a slightly moistened Whatman filter paper followed by incubation in 15 mL of 500 mM mannitol for 4 h in a capped polypropylene tube (50 mL). Conductivity was measured immediately after addition of the disks to the 500 mM mannitol solution and following the 4-h incubation period with a conductivity bridge (YSI-31A, Yellow Springs Instrument Co., Yellow Springs, OH) equipped with a conductivity cell (Model 3403, Yellow Springs Instrument Co.). For total electrolyte determination, the disks and bathing solution after 4 h were stored at -20°C for at least 24 h, thawed, heated in a boiling water bath for 30 min, cooled to room temperature, and conductivity measured. Electrolyte leakage was expressed as a percentage of mesocarp total electrolyte content.
Soluble solids concentration. At selected intervals during storage, fruit were peeled, diced, placed in polyethylene bags, and stored at -20°C until analyzed. Partially thawed mesocarp tissue (80 g) was homogenized (Polytron) and centrifuged at 12,000g for 20 min at 20°C. Soluble solids concentration (SSC) in the supernatant was determined using a digital refractometer (Abbe Mark-10480, Buffalo, NY).
Statistical analysis. The experiments were conducted using a completely randomized design. Statistical procedures were performed using the PC-SAS software package (SAS Institute, 1985) . Data were subjected to ANOVA using the General Linear Model (Minitab, State College, PA).
Results and Discussion
1-MCP Treatment of preripe 'Athena' cantaloupe. Control preripe (¼ slip) 'Athena muskmelon softened %50% over a 12-d period at 15°C, from initial values of 97.4 ± 5.2 N (firm to extremely firm) to %48.6 ± 3.6 N (extremely soft) (Fig. 1) . Softening was significantly delayed and suppressed in response to 1.0 mLÁL -1 1-MCP, with wholefruit firmness declining %18% through 12 d and 35% after 21 d of storage.
Softening of muskmelon melons has been attributed to changes in properties of the plasma membrane, typically reflected as rapid increases in mesocarp electrolyte leakage (Flores et al., 2001; Lacan and Baccou, 1996; Lester, 1996; Lester and Stein, 1993) . Turgor changes, possibly reflecting altered membrane properties, have also been proposed to contribute to softening in ripening tomato fruit (Shackel et al., 1991) . Electrolyte leakage in control preripe 'Athena' fruit increased linearly to %33% through the first 12 d of storage, thereafter increasing markedly to %50% between 12 and 15 d (Fig. 2) . Tissue exhibiting leakage values near 50% typically appeared translucent and watersoaked, conditions that in other fruits of the Cucurbitaceae, including watermelon (Citrullus lanatus Thunb. Matsum and Nakai), have been associated with enhanced membrane-lipid catabolism (Mao et al., 2004) . Leakage values in 1-MCP-treated fruit remained at or below 20% through 18 d, and these fruit did not develop watersoaking within the storage periods employed. The strong influence of 1-MCP in suppressing electrolyte leakage in 'Athena' muskmelon was similar to its effects on 'Galia' melon (Ergun et al., 2005) . In contrast, 1-MCP was minimally effective in suppressing ion leakage in banana (Musa sp.; Jiang et al., 2004) and intact and fresh-cut tomato (Jeong et al., 2004) fruits. In the nonclimacteric watermelon, 1-MCP prevented electrolyte leakage increases only in fruit challenged with exogenous ethylene (Mao et al., 2004) . Whether increased ion leakage does reflect events that contribute to fruit softening in general is uncertain. In one ('Pinkerton') of three varieties of avocado (Persea americana Mill.) fruit examined (Hershkovitz et al., 2005) , for example, 1-MCP completely negated increases in mesocarp ion leakage during ripening, yet the rate and magnitude of softening were only delayed.
Ethylene production in control muskmelons increased rapidly after 3 d of storage (Fig. 3A) . Fruit treated with 1-MCP showed significantly reduced ethylene production rates (Fig. 3A) that remained below those of control fruit throughout 21 d of storage. Ethylene production continued to increase in both treatments throughout storage, with maximum production rates of 15.9 ± 4.6 and 10.4 ± 3.5 mLÁkg -1
Áh
-1 observed for control (day 13) and 1-MCP-treated (day 21) fruit, respectively. Suppressed ethylene production in response to 1-MCP has been reported for several fruits, including 'Galia' melon (Ergun et al., 2005) , avocado (Jeong et al., 2002) , and climacteric stone fruits (Abdi et al., 1998; Fan et al., 2000) . Other fruits respond differently, with ethylene production delayed but unaffected or enhanced in magnitude in avocado (Hershkovitz et al., 2005) and banana (Golding et al., 1998) and unaffected in timing and magnitude in persimmon (Diospyros kaki Thunb.; Ortiz et al., 2005) fruits. The effects of 1-MCP on ethylene production likely depend on the fruit, cultivar, stage of maturity or ripeness, and on whether ethylene synthesis is operating via negative or positive feedback regulation (system I vs. system II; Brummel, 2005) .
Whereas ethylene production is variably affected by 1-MCP, respiration rates are typically reduced in response to the ethylene antagonist (Blankenship and Dole, 2003; Watkins, 2006) . Consistent with observations for other fruits, respiration rates in 1-MCPtreated, preripe muskmelon were significantly reduced compared with those of control fruit, particularly during the first 11 d in storage (Fig. 3B) . After 13 d, the respiration of 1-MCP-treated fruit increased gradually, eventually attaining values (9.3 ± 0.9 LÁkg -1 Áh -1 ) comparable to those observed for control fruit (8.9 ± 0.2 mLÁkg -1 Áh -1 ) on the final day of storage.
Limitations in the quality of preripe (¼ slip) 'Athena' muskmelon include the low soluble solids concentration (SSC), which ranged between 8% and 9%, and lack of intense aroma (assessed subjectively) upon reaching whole-fruit firmness values considered suitable for consumption (50-75 N) . These observations are consistent with other reports for netted melons harvested at early (¼ slip) maturity (Beaulieu et al., 2004; Lyons et al., 1962) . In terms of firmness, electrolyte leakage, ethylene production and respiration, 1-MCP treatment was nonetheless effective in delaying the postharvest ripening of the Eastern-type 'Athena' muskmelon. In view of the low SSC and lack of intense aroma characteristics of preripe 'Athena' fruit, subsequent experiments addressed fruit harvested at more advanced maturity (half-and full-slip) and focused on firmness, arguably the most important determinant of shelf life and successful postharvest handling of these fruit.
1-MCP treatment of ripening 'Athena' cantaloupe. 'Athena' muskmelon harvested at half-or full-slip averaged 11% in soluble solids content, nearly 30% higher than average levels in preripe fruit and representing the minimum SSC for U.S. Fancy Grade (Shellie and Lester, 2004) . Whole-fruit firmness values of half-and full-slip fruit at harvest averaged %15% and 35% lower, respectively, than those of preripe fruit at harvest. Ethylene production in the half and fullslip fruit, measured 24 h after harvest, averaged 12.6 ± 5.4 and 19.4 ± 6.7 mLÁkg 1-MCP applied to half-and full-slip (Fig.  4) fruit was quite effective at decelerating the rate of whole-fruit softening during storage at 15°C. Differences between control and 1-MCP-treated fruit noted at day 6 (the first storage interval for measurement) were highly significant for both half-and fullslip fruit (Fig. 4) . 1-MCP-treated half-slip 'Athena' had softened %6% after 6 d, 24% after 14 d, and 40% after 19 d of storage. At 50 N firmness, these fruit at 19 d were in the low range of suitability for consumption. By contrast, control half-slip fruit softened %31% through 6 d and >60% after 16 d. Control half-slip fruit developed high incidence of watersoaking by 12-14 d, consistent with reaching whole-fruit firmness values (at or below 50 N) below the range of acceptability. Despite lower initial firmness values at harvest (64.3 ± 3.3 N) compared with preripe (97.4 ± 5.2 N) and half-slip (83.4 ± 1.3 N) fruit, fruit at more advanced ripening (full slip) remained highly responsive to 1-MCP. Full-slip fruit treated with 1-MCP retained acceptable quality (firmness) through 8 d of storage at 15°C, softening only %6%. Control full-slip fruit rapidly reached firmness values outside the range of acceptability, softening 30% through 8 d.
A separate experiment with full-slip 'Athena' muskmelon was designed to simulate possible commercial handling protocols, including an intervening, 5-d low-temperature (10°C) holding period before transfer to conditions approximating retail environments (20°C). Flesh (mesocarp) firmness of full-slip 'Athena' muskmelon fruit treated for 24 h with 1-MCP (1.0 mLÁL -1 ) at 10°C, held at 10°C for 5 d, and then transferred to 20°C is shown in Fig. 5 Two days after transfer to 20°C, mesocarp firmness of control and 1-MCP-treated fruit had declined %54% and 40% compared with values at the start of the experiment. After 4 d, mesocarp tissue of control and 1-MCP-treated fruit had softened 70% and 42%, respectively (Fig. 5) . Based on 5 N as a minimal acceptable mesocarp firmness for consumption, shelf life at 20°C following 5 d holding at 10°C was %6 and 2 d for 1-MCP-treated and control fruit, respectively. Tables 1 and 2 summarize the data for decay incidence and the appearance of depressed or sunken regions on the surface of 'Athena' muskmelon treated with 1-MCP at the full-slip stage, held at 10°C for 5 d, and transferred to 20°C. While having no apparent influence on the incidence of these defects, 1-MCP significantly delayed their development. Suppression of ethylene action has been shown to have direct effects on specific pathogens (Diaz et al., 2002; Porat et al., 1999) ; however, the delay in pathogen incidence and surface defects in 'Athena' muskmelon was more likely the result of delayed ripening and softening.
The data herein indicate that 1-MCP has potential for commercial application for the perishable Eastern-type 'Athena' muskmelon, particularly fruit at advanced stages of development (half-to full-slip). The efficacy of ethylene action inhibitors including 1-MCP varies significantly with fruit maturity (Blankenship and Dole, 2003; Watkins, 2006) , with greater and sometimes irreversible responses noted for fruit treated at less-advanced maturity. This is consistent with observations that ethylene plays an obligatory role in synchronizing ripening initiation. The inability of 'Galia' melon (Ergun et al., 2005) and banana fruits (Golding et al., 1998) to degreen and tomato fruit to soften normally (Hurr et al., 2005) represent examples of adverse, irreversible effects of 1-MCP application before the full engagement of ripening processes. On the other hand, because retention of firm, crisp texture is a desirable characteristic in fruits such as apple, 1-MCP application at a preclimacteric stage has generally not been problematic (Watkins, 2006) . Depending on the extent to which the progression and completion of ripening is dependent on ethylene, treatment of fruits with 1-MCP at advanced stages of ripening might circumvent problems related to incomplete recovery from the effects of 1-MCP applied to fruit of less-advanced maturity. Application of 1-MCP effectively and transiently delayed softening and red color development in tomato fruit at progressively advanced stages of ripening (Hoeberichts et al., 2002; Hurr et al., 2005) and softening and over-ripening of nearly ripe papaya (Carica papaya L.; Ergun and Huber, 2004) and 'Galia' melon (Cucumis melo var. reticulatus L.; Ergun et al., 2005) fruits. 'Redchief Delicious' apple fruit also responded to 1-MCP applied after the onset of climacteric ethylene production, with beneficial effects on firmness persisting for >100 d for fruit held at low temperatures or subjected to multiple exposures to the ethylene antagonist (Mir et al., 2001 ).
In conclusion, 'Athena' cantaloupe represents yet another fruit that exhibits a strong response to 1-MCP after the initiation of ripening. It is noteworthy that persistence of 1-MCP efficacy when applied after the initiation of ripening is not characteristic of all climacteric fruit. Ripening (monitored as softening) of avocado fruit was recalcitrant to 1-MCP applied beyond 48 h following ripening initiation (Adkins et al., 2005) , and the effects of 1-MCP on banana fruit were significantly diminished when applied 24 h (Golding et al., 1998) after ripening initiation. Treatment of preripe fruit (¼ slip) 'Athena' resulted in low aroma profiles as well as persistence of whole-fruit firmness (at or above 80 N) at values in excess of those judged suitable for consumption. Firmness of fruit at more advanced ripening (½ and full slip) was significantly retained in response to 1-MCP, and values remained within a general window of acceptability (50-75 N) for %8 d compared with 5-6 d for control fruit. Based on the period of extended firmness retention and general competence to ripen (satisfactory aroma, low incidence of surface defects), fruit at the half-slip, or more advanced maturity stages, would appear most suited for 1-MCP adoption in commercial settings. 
